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1. Strong magnetic fields in astrophysics 

An understanding of the important role of neu- 
trino interactions in astrophysical processes stim- 
ulates a constantly growing interest in the neu- 
trino physics in a dense medium [EJ. Matter is 
usually considered as the 'medium'. It should be 
stressed, that a strong magnetic field can play 
the role of the active medium. However, the 
magnetic field influences significantly the quan- 
tum processes only in the case when it is strong 
enough. There exists a natural scale for the field 
strength which is the so-called critical Schwinger 
value B e = m 2 e /e ~ 4.41 • 10 13 G (we use natural 
units in which c = Ti = 1). 

The fields of such strength are unattainable in 
a laboratory. However, the astrophysical objects 
and processes inside them give us unique possi- 
bilities for investigations of the particle physics, 
and of the neutrino physics especially under ex- 
treme conditions of a strong magnetic field. A 
concept of the astrophysically strong magnetic 
field has been changed in the recent years (see 
fig. 1). Whereas the magnetic fields with the 
strength 10 9 -j- 10 11 G were considered as 'very 
strong' near thirty years ago, the fields have been 
observed at the surface of pulsars have appeared 
to be stronger, of the order of 10 12 -^10 13 G. These 
fields are now treated as the so-called 'old' mag- 
netic fields. The fields at a moment of the cata- 
clysm like a supernova explosion, when a neutron 
star was born, could be much greater. In the 
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present view, the magnetic field strength in the 
astrophysical processes like a supernova explosion 
or a coalescence of neutron stars could be as high 
as~10 15 -^10 17 G. The possible existence of such 
fields both of toroidal [|fl|], and of poloidal 
types is the subject of wide speculation. 

The mechanism of a generation of such strong 
magnetic field of the toroidal type suggested by 
Bisnovatyi-Kogan many years ago g] looks as the 
most convincing one. Really, a question should be 
asked of how natural is it to expect an existence 
of strong magnetic fields in astrophysics? 

i) What can be considered as the exotic case: 
a star with magnetic field or a star without it? It 
is believed that a star without magnetic field is 
rather the exotic object. It is also believed that it 
is more natural for a star to have the primordial 
magnetic field before the stage of collapse. The 
primordial field at the level of 100 G readily leads 
in the compression to the fields ~ 10 12 G. 

ii) What can be considered as more natural 
case: a rotating star or a non-rotating one? It 
is believed that a non-rotating star is rather the 
exotic object. 

iii) What kind of collapse looks more exotic: 
a compression as a solid body or a compression 
with the gradient of the angular velocity? It is 
believed that a compression without the gradient 
is rather the exotic case. 

The above three points are necessary for a real- 
ization of the Bisnovatyi-Kogan mechanism. The 
field lines, by virtue of the angular velocity gra- 
dient, become twisted and more dense. As the 
analysis shows, the fields could be winded from 
~ 10 12 G to ~ 10 16 G during a few seconds. 
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Figure 1. Evolution of the notion 'strong magnetic field' in astrophysics. 



Thus the appearance of strong magnetic fields 
of the toroidal type ~ 10 16 G in the stellar col- 
lapse looks more natural than the absense of such 
fields. 

It should be emphasized that the field of the 
order of 10 16 G is really a rather dense medium 
with the mass density 

which is comparable with the plasma mass den- 
sity 10 10 — 10 12 g/cm 3 to be typical for the enve- 
lope of an exploding supernova. 

2. Neutrino - electron processes in a strong 
magnetic field 

Neutrino does not interact with a magnetic 
field directly, except for models where it has an 
unusually large magnetic moment. The field in- 
fluence on a neutrino is provided by quantum 
processes of its weak interaction with charged 
fermions. Electron plays here the main role as the 
particle with the maximal specific charge e/m e . 

If the momentum transferred is relatively small, 



\cf\ <C niyy, the weak interaction of neutrinos 
with electrons could be described in the local limit 
by the effective Lagrangian of the following form 
(for additional conditions of applicability of the 
local limit in a strong field see below) 

C = ^[e la (C v - C Al5 )e] [* 7 a (l - l5 )v] , (2) 

where C v = ±1/2 + 2sin 2 6 w , C A = ±1/2. Here 
the upper signs correspond to the electron neu- 
trino (y = i> e ) when both Z and W boson ex- 
change contributes to the interaction. The lower 
signs correspond to fi and r neutrinos [y = 
v^Vt), when the Z boson exchange is only pre- 
sented in the Lagrangian @. 

Two parameters are essential in the analysis 
of definite neutrino processes in a magnetic field, 
which are the field strength and the neutrino en- 
ergy. Thus, two asymptotic limits exist where 
calculations become much easier. 

i) The 'weak' field limit. 

We call the field as a 'weak' one in the case 
eB <C E 2 . This condition can be rewritten in 
the Lorentz invariant form. The presence of the 
particle four-momentum p a = {E, p) allows, in 
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parallel with the field invariant 

e^F^F"" ee e 2 {FF) = -2e 2 B 2 , (3) 

to construct the dynamical invariant 

e 2 p p ,F^F vp p p ee e 2 ( P FFp) = e 2 B 2 E 2 u sin 2 9, (4) 

where 9 is an angle between the particle momen- 
tum p and the magnetic field induction B. The 
invariant (||) is most commonly used in the di- 
mensionless form 



X 2 = e 2 {pFFp)/r 



(5) 



Thus the condition of the field 'weakness' appears 



[e 2 (FF)] 3/2 <s:e 2 ( P FFp). 



(6) 



In this case the electrons occupy the higher Lan- 
dau levels. It is well-known that one can use the 
crossed field approximation, when the invariant 
(FF) — 0, in the investigations of neutrino pro- 
cesses in the limit (|^). 

Returning to the local Lagrangian (||) we could 
formulate the conditions of its applicability in a 
strong magnetic field as follows: the W boson 
mass should exceed essentially the field parame- 
ters (|) and (0) 



» [e 2 (FF)} 1/2 , [e 2 (pFFp)} 



'w 



1/3 



(7) 



which yields correspondingly eB -C to 2 ^, 
E < m^/eB. 

ii) The 'strong' field limit. 

In this limit the field strength B appears to be 
the largest physical parameter, eB 3> E 2 , or in 
the invariant form 



[e 2 (FF)] 3/2 ^e 2 (pFFp). 



(8) 



In this case the electrons occupy only the lowest 
Landau level. 

Most likely the first investigation of the neu- 
trino - electron process induced by a magnetic 
field was performed for the so-called synchrotron 
emission of neutrino pairs by electrons, e — > 
evv j^] which is kinematically forbidden in vac- 
uum. The crossed process to the neutrino pair 
emission is the production of the electron - 



positron pair by a neutrino, v 



which 



of a magnetic field. The probability of this pro- 
cess in a 'weak' field was calculated in the pa- 
pers HQ. In our papers || the process of the 
production of the e + e~ pair by a neutrino was 
investigated in both cases of the 'weak' (^) and 
'strong' (||) field limits. The process probabil- 
ity was calculated and the four-vector connected 
with the mean values of the neutrino energy and 
momentum loss was found 

where p and p' are the momenta of the initial 
and final neutrinos correspondingly, dW is the to- 
tal differential probability of the process per unit 
time. 

In the two above-mentioned asymptotic limits 
we obtained the four-vector Q a in the following 
form 

i) eB > E 2 



Q a 



G 2 F eB(pipipp) 2 



(10) 



48tt 3 

x{(C 2 + C 2 A )[p a - 2( W PT] + 2C v C A (vp) a }, 

where Lp a p is the dimensionless external field ten- 

ip p<7 is the dual 



sor, ip a/3 = F a/3 /B, tp a/3 
tensor; 

ii) eB < E 2 

7_ G 2 F (C- 
16 " 



Q a 



2 ^aftpa 



V + @a) 6 2 

m x 



27tt 3 

8 2 

x [p a (ln X - 1.888) - V3 — {yippT 

X 

CvCa (3 w 

im ], 



(11) 



-7.465 



r 2 



C\ x 2 ' z 



is also kinematically opened only in the presence 



where = B/B e . 

This four vector defines the energetic and force 
action on the medium by a neutrino. Really, after 
integration over the initial neutrino distribution 
it defines the energy delivered to the unit volume 
per unit time, and the volume density of the neu- 
trino force acting on the medium. 

3. Neutrino - electron processes in 
strongly magnetized plasma 

We have discussed up to now the processes in a 
pure magnetic field of a high intensity. However, 
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in the most of astrophysical objects both compo- 
nents of the active medium, a magnetic field and 
plasma, are likely to be presented. For exam- 
ple, the astrophysical cataclysms are known like 
a supernova explosion or a coalescence of neu- 
tron stars where rather dense electron - positron 
plasma exists on the periphery, and strong mag- 
netic fields of the toroidal type can be gener- 
ated, B ~ 10 16 G, due to the Bisnovatyi-Kogan 
mechanism. The mass density of such field, see 
eq. (|l]), exceeds essentially the density of the 
electron component of plasma on the periphery, 
where the total density is of order of 10 12 g/cm . 
Thus the magnetic field is the dominating factor, 
eB ^> T 2 ,fj, 2 , where \i is the chemical potential 
of electrons, T is the temperature of plasma. The 
last condition can be formulated more carefully 
if one compares the energy densities of the mag- 
netic field and the magnetized electron - positron 
plasma 



B 2 



Tr 2 (n e - - n e +) 2 



eBT 2 



8, * eB + — (12) 

On the other hand, rather high neutrino en- 
ergies are typical for astrophysical processes, 
E U ,T 3> m e . Thus we shall consider the phys- 
ical situation when the field strength appears to 
be the largest parameter, while the electron mass 
is the smallest one 

eB> E 2 ,fi 2 ,T 2 >m;L (13) 

All the neutrino - electron processes described 
by the Lagrangian (||) can be separated into two 
parts: 

i) the processes with the neutrino - antineutrino 
pair in the initial or in the final state, e~e + <-» vv, 
e «-> evv; 

ii) the processes where the neutrino presents 
both in the initial and in the final state, ve^ *-* 
ve^, v <-> ve~e + , and the similar processes with 
the antineutrino. 

A simple analysis shows that in the case of a 
strong field, see (||) and (§j), when the electrons 
occupy only the lowest Landau level, the pro- 
cesses with the neutrino pair are strongly sup- 
pressed. Really, the total spin of the neutrino 
- antineutrino pair in the center-of-mass system 
is equal to 1, while the total spin of the elec- 
tron - positron pair on the lowest Landau level 



is equal to zero. Thus the process amplitude is 
strictly zero for the case of massless particles, and 
it is suppressed in the considered relativistic limit. 
Furthermore, the process of the synchrotron emis- 
sion of the neutrino pair, e — > evv, just as the 
reverse process, are forbidden by the energy and 
momentum conservation when the initial and the 
final electrons are on the lowest Landau level. 

Among the other processes which accompany 
the neutrino propagation in a magnetic field 
and plasma, the 'canonical' scattering processes 
ve~ — > ve~ , ve + — > ve + are possible without the 
presence of the magnetic field. The analysis of 
the ve scattering in the magnetized plasma was 
performed in the paper [gj. The results of nu- 
merical calculations of the paper || show that 
the magnetic field influence on the total scatter- 
ing cross-section is insignificant in the range of 
parameters considered which corresponds in fact 
to the 'weak' field limit <^). 

Taking account of the plasma influence on the 
indicated 'exotic' process, v — > ve~ e + , is reduced 
to a simple modification by insertion of the sta- 
tistical factor for the electron and the positron in 
the final state. The second 'exotic' process of the 
absorption of the pair, ve~e + — > v, becomes pos- 
sible only in the presence of a magnetic field and 
plasma simultaneously. 

The probability of this process in a unit time 
has a physical meaning only being integrated over 
the initial electron and positron states 

,+ _^ ,A 



W(ve 

= ^ I !.' r/r. 



(14) 



where T is the total interaction time, dT is the 
phase-space element of a particle, / is its distri- 
bution function, f' u = [exp((E' — fi u )/T u ) + l] -1 , 
HmTv are the chemical potential and the tem- 
perature of the neutrino gas, f e T — [exp((E T =F 
/i)/T) + /i, T are the chemical potential and 
the temperature of the electron-positron gas. The 
S matrix element of the transition coinsides with 
the one for the process v — > ve~e + ||, to the 
crossing transformation. We do not present here 
the details of integration over the phase space of 
particles, which will be published in an extended 
paper. The result of our calculation of the proba- 
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bility ( |l4|) can be presented in the form of a single 
integral 



W{ve e + —* v) 



G 2 F eBT 2 E 

47T 3 



(15) 



x [(gv + 9a) 2 (1 - uf + (g v - g A ) 2 (l + uf] 



(e« - 1)(1 + e - x +^-^ T ) 



In 



cosh £ + cosh ij 
1 + cosh r\ 



where x = E/T v , r = T u /T, r\ v = p u /T v , 
r\ = n/T, u — cosO, 9 is an angle between the 
initial neutrino momentum p and the magnetic 
field induction B. 

The probabilities of the remaining crossed pro- 
cesses ve~ — > ve~ , ve + — > ve + , v — ► ve~ e + 
are defined similarly to ( |l4] ) with the substitu- 
tion / e T — ► (1 — / e ±) in every transposition of the 
electron (positron) from the initial state to the 
final one. For the total probability of the neu- 
trino interaction with magnetized electron-posi- 
tron plasma 

W{v — > v) 

= W(v -> ve~e + ) + W{ve~e + -> z/) + 
+W(ue~ -> ve~) + W(ve + -> ue + ), (16) 



we obtain 



G 2 P eBT 2 E I ., , 

\ n 3 \{9v + g A ) 2 (i-uf 



(17) 



(1 - e -«)(l + e -*+^+«A) 
u 

+ (5v~5a) 2 (1 + m) 2 

ict 1 ~' u 
x f 

7 (l-e-«)(l + e- a; +^+«^) 
o 

+[(<?v + 3a) 2 (1 - «) 2 + (ffv - 3a) 2 (1 + uf] 

oo 



(e« - 1)(1 + e -*+^-f/r) 



It is interesting to note that the dependence on 
the electron chemical potential exactly cancelled 
in the total probability (|l7j), whereas each of the 
partial probabilities (E6h does depend on ji. We 



do not know a physical underlying reason of this 
cancellation up to now. Probably, some prop- 
erty of a completeness of the considered set of 
processes with respect to the electrons manifests 
itself here. 

The probability ( jl7j) defines the partial contri- 
bution of the considered processes into the neu- 
trino opacity of the medium. The estimation of 
the neutrino mean free path with respect to the 
neutrino-electron processes yields 



A, 



W 



170 km ■ 



10 3 ff e 
B 



5 MeVY 



(18) 



It should be compared with the mean free path 
caused by the interaction with nuclei, which is 
evaluated to be of order of 1 km at the density 
value p ~ 10 12 g/cm 3 . At first glance the influ- 
ence of the neutrino-electron reactions on the pro- 
cess of neutrino propagation is negligibly small. 
However, a mean free path does not exhaust the 
neutrino physics in a medium. The mean val- 
ues of the neutrino energy and momentum loss 
are more essential in astrophysical applications, 
and especially the asymmetry of the momentum 
loss, caused by the influence of an external mag- 
netic field. Many attempts were made to calcu- 
late such asymmetry due to neutrino-nucleon pro- 
cesses, motivated by the problem of the observed 
high space velocities of pulsars (see jl(| and refer- 
ences therein). As the analysis shows, the contri- 
bution of the neutrino-electron processes into the 
asymmetry could be comparable with the contri- 
butions of the neutrino-nucleon processes. 

The components of the four-vector of losses 
Q a (||) should be calculated from the formula 



Q a = E q a dW, 



(19) 



where q is the difference of the momenta of the 
initial and final neutrinos, q — p — p' , dW is the 
total differential probability of the processes pre- 
sented in Eq. (|l~6|). The result of our calculation 
of the zeroth and third components (the magnetic 
field is directed along the third axis) of the four- 
vector Q a is 



Qo,3 — 



G 2 F eBT 3 E 2 

47T 3 



G 



x|(.9v+3a) 2 (1- u) 2 



(1 - e-€)(l + e-x+^+i/r) 
u 

±( gv -gA) 2 (i + u) 2 

XT 1 a" 



(20) 



(l-e-«)(l + e- x +">'+f/ r ) 

o 

[(gy + 9A) 2 (1 ~ u) 2 ± (gy - ,g A ) 2 (l + U ) 2 ] 

OO 

(e« - 1)(1 + e - x+, 'iv-i/ T ) 
u 

Our results for the probability and the four- vector 
of losses obtained in the case of a pure magnetic 
field g, are reproduced from Eqs. (0) and @ 
in the limit of a rarefied plasma (T, T„, fi u — > 0). 

4. Possible astrophysical manifestations 

To illustrate the results obtained we estimate 
the volume density of the neutrino energy loss per 
unit time, £, and the volume density of the neu- 
trino force acting on plasma along the magnetic 
field, T 



where dn v is the neutrino density 
d 3 p 1 



dn 



(2tt) 3 



1 



(21) 



(22) 



The case T v = T corresponds to the neutrino 
equilibrium distribution. For the values defined 
in Eq. ( pl| ) we obtain 

C 2 p BT 7 

{£,F) = {g v + g\,2g v g A ) F o s " (23) 



3tt 5 



x dx 



y 2 dy 



e x-r)u + 1 J 1 _|_ e -x-j/+77„ 




e ry 



The formula (|23|) demonstrates that the neutrino 
action on plasma tends to zero in a case when 
the neutrino distribution is the exact equilibrium 
one, t = T v /T — > 1. We stress that the origin 



of the force density T in Eq. (|23j) is the inter- 
ference of the vector and axial-vector couplings 
in the effective Lagrangian (^), and it appears as 
the macroscopic manifestation of the parity vio- 
lation in weak interaction. At first glance, the 
main contribution into T seems to arise from the 
electron neutrinos, because gv{v e ) ^ gviy^.j)- 
However, as will be shown later, the dominant 
contribution comes from the muon and tau neu- 
trino and antineutrino. 

For the sake of numerical estimations it is con- 
venient to present Eq. (p3[) in the following form 



{£,T) 
where 



A(g 2 v 



gl^gvgA)^)^), (24) 



A = 



(25) 



u w T y j .55-10 2 °fe 



1 fi . 1 n 30 cr & 



10 16 G ) \ 4 MeV ) 



^) = | + ^ + ^ + Li 4 (- e -), (26) 
7tt 4 

(p(0) = ~ 0.947, 

/ 72Q 





f y 2 dy 




6 J 


' e ry _ 1 





(27) 



r-1, 



Li4(z) is the polylogarythm function. The formu- 
las obtained are also valid for the processes with 
antineutrino due to the CP invariance of the weak 
interaction. 

The neutrino distribution in a supernova en- 
velope is known to deviate from the equilibrium. 
Neutrinos outgoing from the central part of a star, 
having a high temperature, enter the periphery 
region where the strong magnetic field is gener- 
ated and where the temperature of the electron- 
positron gas is lower. The spectral temperatures 
are known to be different for the neutrinos of var- 
ious types [@, T v , < T Pc < T^ T ~ T^ T . The 
neutrino action on plasma leads to the establish- 
ment of the thermal equilibrium, £ to t = 0. In an 
analysis of the equilibrium the contributions into 
£tot of all processes of the neutrino interaction 
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with matter should be taken into account. The (3 
processes v e + n «-> e~ +p are known, see e.g. [0, 
to dominate in the energy balance. The rate of 
the plasma heating due to these processes can be 
presented in the form £(J3) ~ B{T Uc - T)/T. As 
indicated above, the (3 process probability is much 
greater than the one for the neutrino - electron 
processes, therefore it is natural that B 3> A, 
where A is defined in Eq. (pq). Consequently, the 
plasma temperature has to be established very 
close from above to the electron neutrino spec- 
tral temperature (T ~ T Ue , T > T Ue ) . It is im- 
portant to note that the force density T ^ when 
&tot = 0. Taking for the estimation T„ e = 4 MeV, 
T Pe = 5 MeV, T^ T = T^ T = 8 MeV, and con- 
sidering the chemical potentials to be small, we 
found for the force density 



.F- 3.6- 10 



2(1 



dyne 



cm J 



B 



10 16 G 



(28) 



Strictly speaking, the angular asymmetry should 
be also included into the neutrino distribu- 
tion (p2|). However, as the analysis shows, it could 
change our result ( pq ) at no more than 10 %. 

The force (p8fi should be compared with the 
recent calculation of the similar force caused by 
the (3 processes [ jLl| . Under the same physical 
conditions our result appears to be of the same 
sign and is larger than the result of Ref. JllJ by 
a factor of 2 or more. Thus the role of the neu- 
trino - electron processes in a strong magnetic 
field could appear more essential than the (3 pro- 
cesses. There is good reason to believe that the 
results obtained could be useful in a detailed the- 
oretical description of the process of supernova 
explosion. 
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